Abstract-ASDEX Upgrade (AUG) is an ITER-shaped divertor tokamak with versatile heating, fueling, exhaust, and control systems. All plasma-facing components (PFCs) are coated with tungsten layers. Plasma scenarios have been adopted that avoid central tungsten accumulation, which can lead to an H-L transition due to excessive central radiative losses. Compared to a carbon-PFC tokamak, the AUG operational space is slightly more weighted toward higher densities and collisionalities. Actual and future planned extensions aim toward reducing the core collisionality while maintaining good power and particle exhaust. These extensions include a solid tungsten outer divertor target, improved pumping, higher ECRH power, and modified ICRF antennas that reduce tungsten sources. The newest element for advanced plasma control is the first set of eight magnetic perturbation coils, which already achieved type-I edge localized mode mitigation in multiple plasma scenarios. Another eight coils have been installed in autumn 2011, allowing the production of mode spectra with n > 2. In parallel to the improved actuator set, an increasing number of diagnostics are brought into real-time state, allowing versatile profile and stability control.
cooling using nitrogen has become an integral element of highheating-power scenarios to avoid target power overload [5] .
The main actuators used to achieve low core tungsten concentrations are central wave heating and deuterium gas puffing, the latter mainly acting via an increased edge localized mode (ELM) frequency resulting in pedestal impurity flushing [6] , [7] .
The most recent plasma control tool is ELM mitigation by magnetic perturbation (MP) coils, where the first set of eight coils was installed and commissioned in 2010 [8] . Future planned extensions aim toward increased central heating capabilities and higher divertor peak power loads, both of which allow the extension of the operational space toward lower collisionalities. These extensions should also result in a gain in performance as well as an improved capability for local plasma control. Along these lines, the planned future extensions of AUG are motivated by the results achieved with the recent upgrades in the 2010/2011 experimental campaign. These are composed of two additional long-pulse double-frequency (105 and 140 GHz) gyrotrons, an ICRF antenna with reduced tungsten release, an upgrade of the outer divertor with solid tungsten tiles, and an increasingly versatile system of MP coils. horizontal plates situated in the high-flux expansion region close to the X point. Divertor II (Div II) was changed into a vertical configuration with originally highly shaped surfaces to obtain relatively flat field line impact for optimized power load. Div II has also been equipped with a roof baffle for better neutral compression and a cryopump which added to the pumping speed of the turbomolecular pumps (13 m 3 /s) another 100 m 3 /s. In the subsequent divertor modification to Div IIb, the detailed poloidal shaping of the surface was relaxed, and the roof baffle was shortened to allow more flexible plasma shaping, particularly with higher triangularity. The more shallow angles of incidence introduced with Div II were given up with Div IIb, changing to simpler flat target plates. Ordinary fine grain graphite was chosen for the outer strike-point region instead of the carbon-fiber-reinforced carbon used in Div II. Tile edge shadowing by rooflike tilting and polygonal shaping are used to avoid thermal overload on leading edges. No significant degradation of neutral compression or power exhaust behavior was observed in the modification to Div IIb [9] . With Div IIc, 200-μm-thick vacuum-plasma-sprayed (VPS) tungsten coatings were introduced on divertor PFCs. Due to delamination events under high heat fluxes, the thick VPS coatings were replaced by tiles with thin (≈ 10 μm) CSMII coatings [10] . The next AUG divertor modification [Divertor III (Div III)] will be the change of the outer vertical target to solid tungsten PFCs, scheduled for installation in autumn 2012 [11] . The solid tiles will feature a sandwich structure with graphite plates attached below the solid tungsten plates for weight reduction (see Fig. 2 ). This will allow for higher surface temperatures and overcome the limitations of tungsten coatings, resulting in a better power handling capability, as shown in Fig. 3 . Some of the solid tiles may also get castellations grooved in, to test the impact of heat loads on such structures and to measure fuel retention by codeposition in small gaps. In parallel, the neutral conduction from the divertor to the pumping chamber will be increased to obtain a higher effective pumping speed. 
III. HEATING AND CURRENT DRIVE SYSTEMS

A. NBI
AUG is equipped with two neutral beam injection (NBI) boxes, each with four sources and a total of 10-MW heating power. Box I has 60-kV ion acceleration voltage, and box II has 93-kV ion acceleration voltage. The power of a source can be reduced by decreasing the voltage or by beam modulation. The voltage reduction is also used to shift the deposition range further outside. Two sources of injector box II have been tilted to provide off-axis current drive in the cocurrent direction [12] . While the total driven current could be verified, a radial delocalization of the driven current at high total heating powers was observed [13] . Whether this effect is due to anomalous fast ion transport is currently under investigation using the new fast ion D α diagnostic [14] . The NBI system provides the basic heating used in the majority of AUG discharges. After upgrading the charge exchange recombination spectroscopy (CXRS) diagnostic, short beam blips (duration on the order of 10 ms) are used for diagnostic purposes in ECRH or ICRF heated discharges for ion temperature and rotation measurements with only small plasma perturbation.
B. ICRF Status and Extensions
The ICRF system has four 2-strap antennas (see Fig. 4 , left), connected as two pairs to the high-frequency (HF) generators with 3-dB couplers allowing good power coupling under ELMy H-mode conditions. Since ICRF operation has been found to cause strong tungsten influx from neighboring limiters [15] , its use has been restricted to high-density scenarios or limited power in the all-tungsten-clad AUG. Fig. 4 shows an experiment where two antenna pairs were powered alternately [16] . Powering antennas 3 + 4 (the first and third pulses), a current is measured to flow into the corresponding antenna frame which indicates a modified sheath potential caused by the antenna action. Powering antennas 1 + 2 (the middle pulse), a rectified positive plasma potential on the order of 100 V is measured by a floating probe tip in a position 4 m away, but magnetically connected to the antenna 1 + 2 pair vicinity. The spectroscopic measurements on the limiters of antennas 3 + 4 reveal a drastically increased tungsten sputtering yield while powered (the lowest graph). The signals shown suggest the occurrence of a rectified sheath potential caused by the ICRF operation, which leads to plasma and impurity ion acceleration to the antenna limiters causing enhanced tungsten sputtering.
Currently, an improved antenna design is being developed with the aim to reduce the W source during ICRF operation. An important ingredient is the reduction of mirror currents in the antenna box, which contribute significantly to the near field causing the W influx. In the previous vent, ICRF antenna 4 was modified and equipped with broader limiters in order to reduce the tungsten source and to validate the code calculations which highlight the importance of the antenna box mirror current. Fig. 5 compares the W accumulation behavior of this modified antenna with that of the old design. The W accumulation onset is taken as a measure for the balance of central heating and connected additional tungsten source. Ramp-down of the deuterium gas puff (see the upper graph in Fig. 5 ) was used, since the minimum deuterium puff required to avoid W accumulation was previously found to be a good figure of merit for W compatibility of a heating scenario [16] . The tungsten accumulation with the modified antenna occurs reproducibly later, pointing to a moderate improvement of its W compatibility. Further antenna development seeks for a higher degree of improvement, with the final goal to make ICRF fully high-Z compatible. The favorite future antenna design candidate is currently a three-strap antenna, with the current in the central strap being about two times higher compared to each of the side straps, allowing for a compensation of the mirror currents caused by the central and side straps. Fig. 6 shows calculations of the antenna near fields for the old design, the modified broad antenna, and a possible three-strap antenna. Development and installation of the new antennas are foreseen to follow a stepwise approach, with subsequent validations of the antenna modeling predictions. The final antenna set will be integrated into a possible conductive wall design in 2015 or later.
C. ECRH Status and Extensions
The ECRH system comprises currently two systems. The old ECRH I system consists of four 140-GHz 0.5-MW gyrotrons with 2-s pulse length. The new ECRH II system has three 2-frequency (105 and 140 GHz) 10-s gyrotrons with up to 1 MW each; the fourth gyrotron is expected to be installed in spring 2012. Different ECRH heating and current drive scenarios have been developed. In addition to the standard X2 mode, O2 heating has been developed to avoid the cutoff at high densities (n e,cutoff (X2) = 1.22 10 20 m −3 for B t = 2.5 T, f = 140 GHz, and T e = 2 keV). To overcome the low singlepath absorption of ≈70%-80% of the O2 mode, two tiles of the inner wall have been replaced with holographic focusing mirrors, allowing an increase in the absorption of up to 90%. Fig. 7 shows a reflector and the typical ECRH beam path for the O2 scheme. X3 heating with f = 140 GHz at B t = 1.8 T is used for scenarios with reduced safety factor q 95 = 3 at I p = 1.1 MA. Here, the X2 resonance at the high-field side pedestal top acts as a beam dump for the X3 shine-through. Finally, the ITER-like O1 scheme has also been successfully tested at AUG with B t = 3.2 T and 105-GHz gyrotron frequency.
The newly upgraded ECRH capability has been used for central heating for tungsten accumulation avoidance, dedicated transport studies, and MHD control. Transport studies take advantage of the exclusive heating of the electrons by ECRH. Of particular interest are scans of the T e /T i in the transition region between dominant ion-temperature-gradient-driven (ITG) modes and trapped-electron modes (TEMs), where pronounced changes of the electron density profile peaking as a result of ECRH are observed [17] and reproduced by theoretical predictions [18] . An example of such drastic changes of the profile shapes due to ECRH is shown in Fig. 8 [19] . The centrally deposited ECRH causes a strong rise of the central electron temperature, decoupling it from the ion temperature, a pronounced reduction of the central toroidal rotation, and a peaking of the electron density profile. The peaking of the density profile with ECRH in this low-plasma-current discharge is opposite to what is usually observed with higher currents. This is explained by the plasma transport being dominated by TEM rather than by ITG modes [18] . AUG discharges with higher plasma current and higher density are typically ITG dominated, and central ECRH leads to a flattening of the electron density profile. This effect is also used for real-time feedback control of the electron density profile in AUG [20] .
Another interesting feature of ECRH is the fact that there is no direct momentum input allowing, in combination with neutral beam heating, an independent variation of heat flux and momentum flux. Spontaneous plasma rotation without direct momentum input has been found to exhibit a rich phenomenology in Alcator C-Mod [21] . Fig. 9 shows radial profiles of the toroidal plasma rotation in AUG with varying heating power and no external momentum sources, using short NBI beam blips for the CXRS diagnostic. The first spectrum taken during the blip can be regarded as unperturbed by the beam momentum in good approximation [19] . For the present conditions, the central plasma rotates in the countercurrent (negative) direction, while the edge rotates cocurrent. The central rotation gets more negative with increasing heating power in L-mode. In H-mode, at higher ECRH power, a positive offset velocity shifts the profile toward the cocurrent direction.
The combination of central heating by ECRH and simultaneous active control of neoclassical tearing modes (NTMs) is planned for the near future [22] . Provided sufficient financial resources, exchange of the old ECRH I gyrotrons by highpower long-pulse gyrotrons is planned and will be named ECRH III. This extension could be finished in 2016 and result in up to 6.5-MW deposited ECRH power for 10-s pulse length and two-frequency step tunability.
IV. ELM CONTROL WITH MPS
The first set of eight MP coils (named B-coils) was installed in 2010 with the major aim to obtain mitigation of type-I ELMs [23] , [24] . The arrangement of the coils in the torus is shown in Fig. 10 . Experiments on ELM mitigation were performed for various plasma scenarios and heating mixes [8] . Fig. 11 shows an example for such an experiment. About 200 ms after switching on the MP coils, the large type-I ELMs completely vanish, and they reappear soon after coil switch-off. During the phase without type-I ELMs, small periodic HF burstlike events appear with one-fifth or less of a type-I ELM power amplitude. They are best resolved in the pedestal electron temperature measured by electron cyclotron emission shown in Fig. 11 . Time-dependent power load profiles from the inner and outer divertors are shown in Fig. 12 . During the mitigated phase, strike-point splitting in the outer divertor can be clearly seen. The splitting is compatible with field line tracing calculations without screening of the perturbation. The power load in the outer divertor rises slightly during the MP phase, which may be explained by the omission of the power flux carried by type-I ELMs. No density or energy pumpout is observed for standard H-mode plasma conditions. ELM mitigation is obtained with the MP coils in AUG above a critical pedestal density, which scales approximately linearly with the plasma current. Other parameters like heating power, plasma rotation, and safety factor appear to be of minor importance. Surprisingly, the magnetic configuration of the coils (resonant or nonresonant) is also not important. Although strike-point splitting in the divertor is observed during ELM mitigation, the MPs seem to be screened by the bulk plasma, since no change of rotation has been observed during MP experiments so far. Because the critical density lies in the medium-high-density H-mode operational space, the first experiments with pellets combined with MP were performed. During the ELM mitigated phase, the pellets led to a density increase but did not trigger ELMs. The tungsten content of the main plasma does not increase during the ELM mitigated phase, often even a moderate reduction of the tungsten content is observed. This suggests that the prevailing small burstlike events are efficient enough to flush out tungsten from the pedestal region.
So far, no theoretical explanation for the ELM mitigation mechanisms in AUG exists. In particular, the lack of influence of both the MP on the plasma rotation and the edge rotation on the ELM mitigation effect is surprising. Further experiments are required and foreseen to disentangle the response of the plasma edge to the applied perturbations. As the next extension of the AUG MP coil system, another eight B-coils have just been installed above and below the midplane, resulting in full toroidal coverage with 16 coils in total. These will enable a more flexible mode spectrum, like n = 4. Further on, ac amplifiers are foreseen for studies with rotating fields, which can be used with frequencies up to about 800 Hz for the present B-coils. The MP coil scheme will be accomplished around 2015/2016 by another set of eight "A-coils," which will be positioned in the midplane around the large A-ports. These coils can handle ac frequencies up to 3 kHz and will be used for various MHD studies, including resistive wall mode (RWM) control.
V. SCENARIO DEVELOPMENT FOR INTEGRATED POWER EXHAUST CONTROL
With the finalization of the ITER design, the AUG program develops a new focus on ITER operation and DEMO studies. High-power exhaust studies, integrated with real-time control of various parameters, are one key element. Fig. 13 shows a discharge which combines feedback control of the divertor heat flux by nitrogen seeding and ELM mitigation by MPs at 14-MW heating power. Under these conditions, moderate energy and density pumpout are observed, approximately retracting the improvement caused by the N seeding. The already quite small ELMs due to N seeding [5] are even further reduced in size by the additional MP action, resulting in ELM energies below 10 kJ. As a result of the N seeding, the time-averaged peak heat flux in the outer divertor stays around 1.5 MW/m 2 . For a future ITER or DEMO, control of only one radiating species will not be sufficient. Simultaneous and independent control of the target heat flux/divertor radiation and the core radiation will be required to dissipate the enormous power flux, which may be a factor of five higher in DEMO compared to ITER [25] . The first experiments with two seeding species (N and Ar) were started in AUG. The core radiation was increased by a preprogrammed Ar puff while the divertor heat flux was feedback controlled with nitrogen seeding. [26] . The reduction of the core heat flux by a medium-Z radiator leads to a decreased type-I ELM frequency, which may become too low to prevent central W accumulation in the all-tungsten AUG. Therefore, combination with ELM control is essential. Corresponding experiments are planned for the near future, and implementation of a double feedback for core radiation and divertor heat load is planned for 2012.
VI. SUMMARY AND EXTENSION SCHEDULE
The AUG extension schedule is shown in Fig. 14 . The schedule reflects the actual construction and financial plan, which may be subject to changes in the future. The next set of eight MP coils has recently been mounted and is ready for the 2012 experimental campaign. Solid tungsten tiles foreseen for the Div III upgrade which is scheduled for winter 2012 have been successfully tested in IPP's GLADIS high-heat-flux facility, and two test tiles are installed in the AUG divertor in the current campaign. Div III will also be equipped with a larger version of the current divertor manipulator, allowing in situ tests of complete high-heat-flux components or to investigate operation with damaged tungsten divertor tiles as requested by ITER. The ECRH III extension which could be completed in 2016 will lead to a total gyrotron power of 8 MW and about 6.5 MW deposited in the plasma. It will facilitate strong electron heating and provide the flexibility to combine tasks like power modulation experiments, active NTM stabilization, current profile tailoring, and tungsten accumulation prevention. The final part of the midterm extensions is the implementation of a conducting wall, as shown in Fig. 15 . Its realization will depend on the occurrence of RWMs in AUG, which may itself depend on the current drive capabilities. Also shown are RWM growth rates for different wall coverage schemes. The RWM stability can be increased up to ≈50% in advanced scenarios, and the best values are expected if the Faraday screens of the ICRF antennas are connected to the conducting wall. In addition to the two "current drive" beams of neutral beam box II which are focused at midradius, the ECRH system with its fully steerable launchers has current drive capability, albeit with moderate efficiency and preferably at high electron temperatures. The ECRH III extension will improve the current profile tailoring ability, particularly in the central plasma region. For current drive in the outer plasma region, a lower hybrid system has also been considered. Plans for installation of such a system have been put aside for financial and manpower reasons but may be revived on long term if resources become available. The ongoing upgrade of the ICRF antennas will depend on the success of the intermediate steps to reduce the tungsten sputtering. For a limited period starting in 2012, coverage of the limiters of two antennas with boron tiles is planned, to reestablish full operability of two ICRF systems with about 3-MW power. The final optimized antenna version may be integrated into the conducting wall around 2016.
